1. Introduction {#s0005}
===============

Ibuprofen, ((RS)-2-(4-(2-methylpropyl) phenyl) propanoic acid), is a non-steroidal anti-inflammatory drug (NSAID), with recognised low oral bioavailability attributed to its insolubility in water (0.12 mg/ml R-(-)-enantiomer; 0.08 mg/ml S-(+)-enantiomer) [@b0055]. It is an acidic compound (p*K*~a~ = 4.49), showing therefore higher solubility in neutral-basic environment ([@b0010]), and in a set of organic solvents e.g. ethanol (0.20 mg/ml) [@b0075], chloroform (618 mg/ml) *n*-octanol (394 mg/ml) and cyclohexane (193 mg/ml) [@b0030]. Ibuprofen has been frequently used as a model drug for sustained/controlled release. It is classified as Biopharmaceutical Classification System (BCS) class II compound ([@b0070]), because of its low solubility (intrinsic solubility of approximately 0.06 mg/mL) ([@b0085]), and high permeability. While existing as racemic mixture of (R)-(-)- and (S)-(+)-enantiomers, only the latter (and that of even lower water solubility) is active, both *in vitro* and in vivo.

As a NSAID, it inhibits the production of prostaglandins from arachidonic acid by the cyclooxygenase (COX), followed by the suppression of inflammation in most patients ([@b0005]). The drug is commonly recommended in rheumatoid arthritis, post-operative pain, chronic pain associated with cancer and to treat fever. Ibuprofen has good therapeutic effect and, at high doses, it can cause gastric irritation, therefore it should be delivered via parenteral route only on the site of the infection ([@b0040]).

The drug is formulated in several pharmaceutical dosage forms ([@b0080]). In the liver, approximately 65% of the R-(-)-enantiomer is transformed in the (S)-(+) -- ibuprofen. Some of it is pre-systemically transformed in the gut in the presence of acyl CoA thioester, where alpha-methylacylcoenzyme A racemase acts as the catalyst. Both enantiomers are quickly metabolised by phase I detoxification enzymes in human liver ([@b0100]). However, the metabolic pathways of its enantiomers differ significantly. Although the (S)-(+)- enantiomer is frequently metabolised by CYP2C9, the (R)-(-)-ibuprofen is metabolised mostly via CYP2C8 ([@b0060]). Most of ibuprofen is metabolised and the main route of ibuprofen excretion is through the kidney, while only a small percentage of the drug is excreted without alteration in urine.

The risk of toxicity is associated with the binding of ibuprofen-glucuronide to plasma proteins, the highest risk is related to patients with renal impairment ([@b0020]). Ibuprofen was shown to be beneficial in reducing the colorectal cancer risk ([@b0045]). In the clinical practice, ibuprofen seems to be the first choice, due do its higher safety profile, as it is associated with rarer gastrointestinal and renal side effects when compared to others drugs, e.g., indomethacin ([@b0065]).

To improve ibuprofen solubility and thereby its bioavailability, this work reports the development and optimization of a new nanocrystals' formulation by 2^2^ factorial design. The estimation of the long-term stability of the aqueous suspensions of ibuprofen nanocrystals was carried out using the LUMISizer. The LUMISizer allows the analysis of particle and droplet velocity distributions for creaming and sedimentation phenomena. With this equipment it is possible to run 12 samples at a time under a wide range of viscosities, temperatures, and concentrations.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Polysorbate 80 (Tween 80®) was purchased from Uniqema (Everberg, Belgium). Ibuprofen was kindly donated from Medinfar (Amadora, Portugal). Polyvinylpyrrolidone (PVP) K30 was purchased from Fluka (Switzerland). Phosphate buffered saline, pH 7.4 and sorbitan monooleate (Span 80®) were obtained from Sigma-Aldrich (Steinheim, Germany). Ultra-purified water was obtained from Milli® Q Plus system, home supplied.

2.2. Production of nanosuspensions by melt emulsification {#s0020}
---------------------------------------------------------

The melt-emulsification process was used to produce nanosuspensions composed of 0.25% (m/V) ibuprofen and aqueous solution of surfactants. Ibuprofen was added to the aqueous solution of surfactants, polysorbate 80 (Tween 80®) and Polyvinylpyrrolidone (PVP) K30, or polysorbate 80 (Tween 80®) and sorbitan monooleate (Span 80®). The surfactants should exhibit sufficient affinity for the droplet surface to enable preparation of hot emulsion and should present affinity to the particle surface in order to stabilize the freshly prepared nanocrystals. In preliminary experiments, different concentrations of surfactants were used to stabilize the nanosuspension during the production process. Briefly, a drug suspension was firstly heated up to 80 °C to melt ibuprofen, followed by high speed stirring using the high shear homogenization (Ultra-Turrax ®, T25, IKA) for 10 min to obtain a coarse emulsion. This emulsion was then transferred to a high pressure homogenizer (EmulsiFlex®-C3, Avestin), and processed at 1000 bar for 20 min in the continuous mode, operated at 80 °C. The hot emulsion was then cooled down, by placing it in an ice-bath for, approximately, more 20 min to allow the recrystallization of the drug.

2.3. Particle size analysis {#s0025}
---------------------------

The particle size and polydispersity index (PDI) were determined by dynamic light scattering (DLS) using a particle size analyzer (DelsaNano C Submicron, Beckman Coulter Delsa, Krefeld, Germany). Mean diameter and PdI of nanosuspensions were determined in triplicate. Values are presented as the mean of triplicate runs per sample. For each measurement, the nanosuspension was diluted in Milli Q water to an appropriate concentration to avoid multiple scattering.

2.4. Zeta potential analysis {#s0030}
----------------------------

Zeta potential measurements were taken by electrophoretic light scattering (ELS) using a Nano Zeta Potential Analyzer (DelsaNano C Submicron, Beckman Coulter Delsa, Krefeld, Germany). Measurements were taken in a Flow Cell (Beckman Coulter Delsa) at 25 °C, and Milli-Q water was used to dilute the nanosuspensions to a proper concentration. The zeta potential was calculated using the Helmholtz-Smoluchowsky equation included in the software of the system. Values are presented as the mean of triplicate runs per sample.

2.5. Factorial design study {#s0035}
---------------------------

The influence of the concentration of both surfactants in both mixtures was evaluated using a 2^2^ factorial design with triplicate of central point for estimating the experimental error, composed of 2 variables for each formulation which were set at 2-levels each. The dependent variables were the mean particle size, polydispersity index and zeta potential. The design required a total of 7 experiments for each formulation. Each factor, the lower and higher values of the lower and upper levels, were represented by (−1) and a (+1), respectively, and the central point was represented by (0). These values were chosen based on the tested lower and upper values for each variable according to literature research ([Table 1](#t0005){ref-type="table"}). A factorial design approach was applied to maximize the yield of production based on the production possibility curves. The data were analysed using STATISTICA 7.0.Table 1Initial full factorial design of both formulations, providing the lower (−1), upper (+1) and (0) central point level for each variable.VariablesLevels−10+1*Formulation 1*Tween 800.1250.250.50PVP K 300.1250.250.50  *Formulation 2*Tween 800.1250.250.50Span 800.1250.250.50

2.6. Long-term stability study {#s0040}
------------------------------

Simulated long-term physical stability of nanocrystals was assessed by analytic centrifuge, LUMiSizer (LUM GmbH, Dias de Sousa, Portugal), which accelerates the occurrence of destabilization phenomena. For the analysis of long-term stability of nanocrystals, native samples, i.e. without prior dilution, were placed in rectangular test-tubes (optical path of 2 mm) and exposed to centrifugal force under 4000 rpm, 25 °C, for 1 h. These experiments allowed differentiating between various instability mechanisms at an accelerated rate. Extrapolated results were used to estimate dispersion shelf-life in minutes. The samples were periodically analysed with the interval of 30 s, speed 4000 r.p.m, until 850 different profiles were obtained over time. During the assay, samples were kept at 25 °C.

3. Results and discussion {#s0045}
=========================

In the production of nanosuspensions by melt emulsification method, the drug droplets are forced through a gap in the micronizing zone, which creates conditions of high turbulence and shear, combined with compression, acceleration, pressure drop and impact, contributing for the reduction of the particle size ([@b0050]). The first step is the preparation, by high shear homogenization (Ultra-Turrax) of a hot emulsion with melted drug (melting point of ibuprofen is approximately 75--78 °C ([@b0095]) as the dispersed phase. The primary emulsion is homogenized in a high pressure homogenizer and cooled down to solidify the droplets of melted drug. In this technique, particle formation is the result of the transformation of the melted drug into the solid state.

The size of the drug particles is dependent mostly on the size of dispersed droplets, which is influenced by the composition and concentration of surfactants used. To prepare smaller drug particles from hot emulsion, the collision of droplets can be prevented by fast cooling once it causes instantaneous solidification of melted drug droplets, resulting in smaller drug nanocrystals.

In preliminary experiments, different concentrations and composition of surfactants were used to stabilize the nanosuspension during the production process and their influence on mean particle size and polydispersity index was studied by DLS. Before the measurements, Milli-Q water was used to dilute the nanosuspensions to a proper concentration. The preliminary factorial design study, a total of 7 experiments was required for each formulation. The influence of the concentration of each surfactant on the mean particle size and polydispersity of ibuprofen nanocrystals (fixed concentration of 0.25%), produced with the constant pressure of 1000 bar and 20 min in HPH, are shown in [Table 2](#t0010){ref-type="table"} (Formulation 1, F1) and [Table 3](#t0015){ref-type="table"} (Formulation 2, F2).Table 2Mean particle size and polydispersity index of different concentrations of the mixture of Tween 80 and PVP K30 (Formulation 1 -- F1).Formulation CodesTWEEN 80 (%, m/V)PVP K 30 (%, m/V)Z-Ave (nm)PdIP10.1250.1251204.00.971P20.5000.125120.60.278P30.1250.500157.60.193P40.5000.50083.70.198P50.2500.250157.30.339P60.2500.250145.50.203P70.2500.25068.80.155Table 3Mean particle size and polydispersity index of different concentrations of the mixture of Tween 80 and Span 80 (Formulation 2 -- F2).Formulation CodesTWEEN 80 (%, m/V)SPAN 80 (%, m/V)Z-Ave (nm)PdIS10.1250.125169.60.192S20.5000.125150.70.349S30.1250.500160.30.196S40.5000.500160.90.264S50.2500.250149.50.177S60.2500.250150.90.205S70.2500.250146.40.197

To design a new formulation, it is of paramount importance to identify the influencing parameters, since these will affect the properties of the final dosage form. The experimental design method analyses the influence of different variables on the properties of the drug delivery system. To evaluate the optimum experimental conditions for both formulations of nanocrystals produced with different concentrations of surfactants (independent variables), a factorial design approach was used to assess the effects of the independent variables over the dependent factors which ultimately define the physicochemical properties of nanocrystals.

The ZP (i.e., the electrical charge at the nanocrystals surface) reflects the long-term physical stability and translates the tendency for particles aggregation. Higher ZP values, either positively or negatively charged, mean that nanocrystals will have greater long-term stability ([@b0025]). [Fig. 1](#f0005){ref-type="fig"} shows the Pareto chart of the standardized effects for F1 and [Fig. 2](#f0010){ref-type="fig"} shows surface response charts of experimental design for the same formulation.Fig. 1Pareto chart of the standardized effects for nanocrystals produced with F1: (a) particle size (Z-Ave (nm)); (b) polydispersity index (PdI).Fig. 2Surface response charts of experimental design of nanocrystals produced with F1: (a) particle size (Z-Ave (nm)); (b) polydispersity index (PdI).

As shown in [Fig. 1](#f0005){ref-type="fig"}, the size of nanocrystals and their PdI were not significantly influenced by the tested parameters, neither were the interaction between variables. Nevertheless, for the formulation produced with a smaller concentration of Tween 80 (∼0.2%) and higher concentration of PVP K 30, a smaller mean particle size was recorded. Additionally, in this range of concentrations, the PdI was below 0.2 indicating homogeneous size distribution between the particles.

The results of the mean particle size were also not statistically significant. The p value obtained for concentration of Tween 80 was −0.765798, concentration of PVP K30 was 0.1701071 and interaction was −1.10475. The concentration of the surfactants and their interaction were reported not to be statistically significant. For F1, PdI results were not shown to be statistically relevant. The p value obtained for concentration of Tween 80 was −1.15589, concentration of PVP K30 was −2.10979 and interaction was 1.212005. The concentrations and their interaction were reported also not to be statistically significant. Based on these findings, the formulation we selected as optimal to follow *in vitro* studies has the characteristics summarized in [Table 4](#t0020){ref-type="table"}. For formulation 2, the influence of each independent variable and their interactions were also assessed using Pareto charts ([Fig. 3](#f0015){ref-type="fig"}).Table 4Physicochemical characterization of the optimized F1 (0.2% Tween 80 and 1.2% PVP K30).Storage timeZ-Ave (nm)PdIZPDay 079.000.126−12.7Day 182.720.149n.a.Day 794.580.077n.a.[^1]Fig. 3Pareto chart of the standardized effects for nanocrystals produced with F2: (a) particle size (Z-Ave (nm)); (b) polydispersity index (PdI).

The results obtained for the influence of the concentration of surfactants in F2 were also not statistically significant ([Fig. 3](#f0015){ref-type="fig"}). Similar results obtained with F1 were also observed in F2 ([Fig. 4](#f0020){ref-type="fig"}). However, in the surface response charts of experimental design, [Fig. 4](#f0020){ref-type="fig"}(b), the PdI is strongly affected by the increase of the concentration of Tween 80.Fig. 4Surface response charts of experimental design of nanocrystals produced with F2: (a) particle size (Z-Ave (nm)); (b) polydispersity index (PdI).

A relationship can be established between the values of Z-Ave and PdI. The response surface graph ([Fig. 4](#f0020){ref-type="fig"}(a)) shows that when increasing the percentage of Tween 80 the average size decreased, whereas the PdI increased. This result is attributed to the rearrangements of polysorbate chains on the surface of nanocrystals, while excess of surfactant may produce other colloidal species (e.g. micelles) which increases the PdI. While no variable was shown to be statistically significant, larger nanocrystals (z-AVE 190 nm; PdI \< 0.2) were obtained with F2 when produced with lower concentration of Tween 80 and higher concentration of Span 80. For F2, also z-Ave results were not shown to be statistically significant. The p value obtained for concentration of Tween 80 was −1.03377, concentration of Span 80 was 0.050841 and interaction was 1.101556. The concentrations and their interaction were also not statistically significant, neither were the PdI results. The p value obtained for concentration of Tween 80 was 2.508338, concentration of Span 80 was −0.903002 and interaction was −0.992187. Based on these findings, the formulation we selected as optimal to follow *in vitro* studies has the characteristics summarized in the [Table 5](#t0025){ref-type="table"}.Table 5Physicochemical characterization of the optimized F2 (0.2% Tween 80 and 1.2% Span 80).Storage timeZ-Ave (nm)PdIZPDay 0174,10.182−28.1Day 1181.40.229n.a.Day 7178.50.196n.a.[^2]

Usually, particle aggregation is less likely to occur for charged particles with ZP \> \|20\| mV, since there is electrostatic repulsion between particles with the same electrical charge ([@b0090]). The size and PdI of the formulation were analysed during storage time at 25 °C. At naked eye nanocrystals were perfectly homogeneous.

LUMiSizer® has become an instrument of choice for regular analysis of long-term stability of particles in suspension and of demixing phenomena ([@b0035], [@b0015]). LUMiSizer employs the STEP-Technology, which allows the measurement of the transmitted light intensity during centrifugation, as a function of time and position, over the entire sample length. Near infrared light is emitted through the entire sample cell and the transmitted light is detected by sensors arranged linearly across the sample from top to bottom. The shape and progression of the transmission profiles contains information on the kinetics of the separation process and allows particle characterization as well as evaluation of particle-particle interactions. Based on the extinction profiles, demixing processes are quantified regarding clarification velocity, sedimentation and flotation velocity of particles, residual turbidity, separated phase volume (liquid or solid). The centrifugal sedimentation method used with this equipment allows a fast stability ranking and shelf-life estimation of undiluted dispersions at their original concentration, in minutes/hours instead of months/years. The evolution of the transmission profiles of tested samples enables the analysis of their demixing behaviour and stability, as stable colloidal dispersions allow the formation of a flatbed under a centrifugal field, while aggregated particles usually give a step-profile. Indeed, the centrifugal acceleration causes different sedimentation velocities of particles with different size ranges. Instability phenomena is directly related to a migration of particles (sedimentation, flotation) and to changes in particle size distribution (e.g., due to particle interaction) followed by particle migration. The transmission profiles of nanocrystals produced from F1 and F2 are shown in [Figs. 5](#f0025){ref-type="fig"} and [6](#f0030){ref-type="fig"}, respectively.Fig. 5Comparison of the instability profiles between different samples of the same formulation F1: (a) F1, day 0; (b) F1, stored at 4 °C for 48 h; (c) F1, stored at 22 °C for 48 h; (d) F1, stored at 40 °C for 48 h.Fig. 6Comparison of the instability profiles between different samples of the same formulation F2: (a) F2, day 0; (b) F2, stored at 4 °C for 48 h; (c) F2, stored at 22 °C for 48 h; (d) F2, stored at 40 °C for 48 h.

[Fig. 5](#f0025){ref-type="fig"} compares the instability profiles obtained for F1, in which the sedimentation is observed for the entire sample. In the case of [Fig. 5](#f0025){ref-type="fig"}(a) a multimodal particle size distribution, i.e. particles with different sizes, is clearly presented, which translates the most unstable formulation in comparison to the other recorded profiles. Samples b) and c) showed a very high level of clarification since the beginning of the assay, which compromised the analysis. The low opacity of the sample limited the detection of migration phenomena of the particles by the equipment. The spacing between the profiles decreased over time ([Fig. 5](#f0025){ref-type="fig"}(a)), i.e. did not remain constant as happens with monodispersed populations ([Fig. 5](#f0025){ref-type="fig"}(d)). As time progresses, the particles tend to migrate more slowly, which may be the result of some particle aggregation. Profile (d) presents a unimodal sample, i.e. a homogeneous formulation, which translates higher stability. [Fig. 6](#f0030){ref-type="fig"} shows the separation profiles obtained for the different F2 formulations that were tested.

In case of F2, a creaming process in all profiles was recorded, i.e. the migration of the dispersed phase of an emulsion. [Fig. 6](#f0030){ref-type="fig"}(a) shows a sample with a more homogeneous particle size distribution, suggested by the symmetrical spacing observed for the majority of the profiles. In the remaining samples, different sections in the overall profile were recorded, suggesting the existence of different particle size populations. Each section represents a different particle size population. [Table 6](#t0030){ref-type="table"} shows how temperature and storage conditions influence the nanocrystals stability and their sedimentation velocity. The experiments performed with the LUMiSizer® allowed to calculate the samples sedimentation velocity ([Table 6](#t0030){ref-type="table"}).Table 6Instability index, sedimentation velocity and their interval for each sample of F1 and F2.Sample NameInstability IndexVelocity in µm/sCorrelation CoefficientStandard deviation in µm/sF1 -- day 00.88333.160.97881.543F1 -- stored at 4 °C for 48 h0.2852.900.95900.121F1 -- stored at 22 °C for 48 h0.2853.960.98900.087F1 -- stored at 40 °C for 48 h0.39112.470.96791.599F2 -- day 00.4000.88110.99980.0045F2 -- stored at 4 °C for 48 h0.5930.76790.99820.0100F2 -- stored at 22 °C for 48 h0.5790.91830.99960.0026F2 -- stored at 40 °C for 48 h0.5160.51620.99970.0029

To confirm the results shown in [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}, instability index was measured. The instability index is calculated based on the clarification (increase in transmission due to phase separation by sedimentation) at a given separation time, divided by the maximum clarification. The instability index is a dimensionless number and ranges from 0 (more stable) to 1 (more unstable). This means that, for the same total clarification, samples with high clarification rates tend to be more unstable. Regarding formulation F1, results show that the sample (F1- day 0) has the highest instability index, confirming the previous information obtained with the separation profile observed in [Fig. 5](#f0025){ref-type="fig"}(a). Samples (b) and (c) appear to be the most stable ones and sample d) has an intermediate instability index. However, samples (b) and (c) present a high level of transparency from the first profile to the last, indicating that there is a very low concentration of particles in the suspension, which may compromise the analysis.

Each sample of this formulation 2 was also analysed with the LUMiSizer®. The formulation F2 -- day 0 was shown to be the most stable, although its sedimentation velocity was not the lowest among all samples, but the total clarification obtained for this sample was the lowest, which explains the best instability index of this group of samples. In case of F2 stored at 40 °C, despite having the lowest sedimentation velocity, it reached a higher level of total clarification when compared to sample (a), resulting in a higher level of instability. However, in the case of formulation F2 there was no significant difference in the instability index observed between samples (b), (c) and (d), suggesting that in this case the temperature and storage conditions are not critical for the overall stability of the formulation.

Thus, based in the instability index, F1 formulations stored at 4 °C and at 22 °C for 48 h are the most stable compared to the results obtained for the freshly prepared sample. In case of F2 the freshly prepared sample (F2 - day 0) is more stable than those of the same composition and there is no significant difference between the samples stored at 4 °C, 22 °C and 40 °C for 48 h.

4. Conclusions {#s0050}
==============

Production techniques, especially the high-pressure homogenization, have been employed in large-scale production of nanocrystals. This study reports an approach to use a 2-level 2-factor factorial design in the optimization of nanocrystal formulations of poorly water soluble drugs (i.e. ibuprofen) produced with different surfactants. The desired mean particle size, PdI and ZP were obtained using 0.20% Tween 80 and 1.20% PVP K30 for F1 and 0.20% Tween 80 and 1.20% Span 80 for F2. The decrease of the concentration of Tween 80 contributed for the decrease of the mean particle size in both formulations. In the stability analysis, F1 and F2 formulations have different separation process, i.e. in the case of F1 sedimentation occurs when the samples are submitted to a strong acceleration, while in the case of F2 creaming is the observed. Also, calculated instability index suggests that the storage of F1 at 4 °C and 22 °C enhances the stability of the formulation. In the case of F2, this formulation appears to be more stable when freshly produced.
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